The tribological performance of the cast iron/Al-Si alloy system lubricated in the boundary regime, using lubricants containing zinc dialkyldithiophosphate (ZDDP) and molybdenum dithiocarbamate (MoDTC) additives have been investigated. The results obtained are discussed in relation to the performance of these additives in cast iron/steel (ferrous)-based material systems. Tribological tests were conducted on a Plint reciprocating test machine (TE 77) in the contact conditions comparable to the conditions in the piston ring/cylinder liner system of the internal combustion engine. Surface sensitive analytical techniques such as environmental scanning electron microscopy and energy dispersive X-ray analysis have been used to determine the nature of the wear occurring as well as the chemical nature of the tribofilms formed on the Al-Si material. It has been shown that the MoDTC additive, added into a ZDDP-containing lubricant, improves the effectiveness of friction reduction in a completely ferrous system and a cast iron/Al-Si system. In terms of wear, an increase in MoDTC concentration (from 0.22 to 1.2 wt%) in the ZDDP-containing lubricant resulted in an antagonistic effect on the anti-wear performance of ferrous materials but improved the effect on Al-Si alloys. The tribofilm formation and wear mechanisms are discussed in relation to recent literature and it is shown that additives strongly affect both the processes.
INTRODUCTION
Extensive efforts have been made in the automotive and lubrication industries to improve fuel economy to meet global legislative demands. Recent research in this field has recognized that lubrication and material technologies are the two key areas for the development of fuel-efficient internal combustion (IC) engines with reduced emissions. Intensive efforts have been made to reduce the weight of the engine components by reducing or replacing cast iron (CI) content in the and thermal conductivities, with lower manufacturing costs than CI [3] .
Lubricant additive performance on Al-Si alloys has not been extensively studied. It is unclear that how the existing lubricant formulations perform on Al-Si surfaces. The study of Al-Si alloys against steel lubricated by commercial engine oils under boundary lubrication conditions has been reported since 1960s and 1970s [4, 5] , with research focused on the tribological performance of Al-Si alloys lubricated by zinc dialkyl dithiophosphate (ZDDP). ZDDPs are the most widely used type of anti-wear and anti-oxidant lubricant additives. Many researchers have suggested different mechanisms of ZDDP tribofilm formation [6-11] on a ferrous system. It is known that the ZDDP decomposition products form a protective polyphosphate film on metallic surfaces on contact, especially the iron-containing surfaces, to reduce wear. The ZDDP anti-wear tribofilm formed on an Al-Si alloy surface was also reported recently [1, 12, 13] and it is shown that tribofilm formed predominately on Si grains. The hypothesis of ZDDP tribofilm formation on Al-Si surface, presented by Nicholls et al. [12] , is mentioned in this paper.
Molybdenum dithiocarbamate (MoDTC) is normally added to an engine oil to improve friction performance in the boundary lubrication regime. Researchers have found that MoDTC on its own, and along with ZDDP, enhances friction performance [14] [15] [16] [17] [18] [19] . This reduction in friction on steel surfaces is due to the MoDTC decomposition to form MoS 2 sheets in the tribofilm. The tribochemical reactions taking place in the contact region may differ in the case of AlSi alloy surfaces. Voong's [20] recent investigation on a CI/Al-Si tribocouple showed that MoS 2 did form in the tribofilm resulting in better friction performance. It has been reported that the combination of ZDDP and MoDTC provides better anti-wear and friction reduction properties on steel surfaces than MoDTC alone [21] [22] [23] [24] [25] [26] . When MoDTC and ZDDP were used in engine oil, Pereira et al. [27] observed the formation of MoS 2 , ZnS, and sulphate on the Al-Si plate surface. However, only a few researchers [1, 20] have reported the physical and chemical interaction of MoDTC and ZDDP on Al-Si alloys. Some of the key papers from literature [28] [29] [30] [31] [32] [33] are summarized in Table 1 . Better tribological performance than base oil [33] Poor tribological performance than base oil [27, 29] In terms of wear mechanism, there are two Al-Si alloy wear schemes, which have been proposed recently by different research groups. Based on the work of Fuller et al.
[9] on ZDDP reaction mechanisms over ferrous systems, Nicholls et al. [12] presented the hypothesis of ZDDP tribofilm formation on an Al-Si surface, where under rubbing contact conditions, the top phase of the Al-matrix is removed physically and Si grains alone remain in the uppermost Al-Si alloy layer. The newly generated nascent Al and adsorbed linkage isomers (LI) and ZDDP react with the nascent Al and form aluminium oxide, aluminium phosphide, and sulphur species under oxygen-sufficient environment. The nascent Al can also react with P to form AlP under oxygen-starved environment [12] . A new tribofilm will be formed predominantly on the remaining Si grains, as shown schematically in Fig. 1 .
The second wear scheme, recently proposed by Dienwiebel et al. [28] is shown in Fig. 2 , where the Si grains and wear debris from various sources are embedded into the adjacent soft Al-matrix and form a new contact surface on both sides. The layer formed over the surface shows the presence of carbon, oxygen, calcium, and phosphorus and it is suggested that this film physically decreases the friction force. A dispersion-strengthening mechanism is involved here.
Mosey et al. [29, 30] proposed a cross-linking theory to interpret functionality and formation of ZDDP anti-wear films formed on Al-based material and steel. Their theory is based on the idea that a pressure-induced cross-linking will result in [31] chemically connected networks. The changes due to this idea will lead to the coordination of the zinc atoms in the zinc phosphate system and further influence the cross-link formation. This mechanism indicated that the ZDDP anti-wear film formation would occur if the yield strength of substrate is more than 5 GPa and temperature is high enough for ZDDP to decompose into zinc phosphate. They predicted that anti-wear films should form on both aluminium and silicon since the theoretical yield strength of aluminium (∼7 GPa) and silicon (∼10 GPa) is higher than the minimum theoretical yield strength required to initiate the crosslinking [30] . However, this model does not take into account the complex chemical interactions between surface/additive and additive/additive in tribofilm formation on Al-Si alloys. This paper assesses the friction and wear performances of the hypereutectic Al-Si surface when lubricated with base oil containing ZDDP and ZDDP plus two levels of MoDTC friction modifier.
EXPERIMENTS

Tribological test
A high frequency friction tribometer (TE 77) was employed to observe the tribological properties of ferrous-based materials (BS EN1452 CI and bearing steel AISI 52100) and hypereutectic Al-Si alloy surfaces in lubricating oils. The pin was mounted in a holder on the movable arm. The flat specimen was mounted in a heated shallow tray containing the lubricant with a thermocouple for temperature control. The EN 1452 CI pins were 20 mm in length and 6 mm in diameter with the ends machined to a 40 mm radius of curvature. The Al-Si alloy plates (38 × 15 × 4 mm 3 ) were cast according to a commercial specification. TaylorHobson 5-120 profilometer and Indentec 8187.5 LKV universal hardness tester were used to measure surface roughness and hardness of the samples before test. The Young's modulus and Poisson's ratio of those materials were cited from Matweb, an online material information resource [31] . The chemical composition and physical characteristics of the test materials are given in Tables 2 and 3, respectively. A blend of polyalphaolefin synthetic base oil PAO6, ester, ZDDP, and MoDTC additives was used as the lubricating oil. Two concentrations of MoDTC, typical for conventional commercial lubricants, were used to assess the effect of additives in Al-Si lubrication. The lubricant dynamic viscosity at 100
• C was 5.8 mm 2 /s. Ester was used in these simple lubricant formulations to ensure that the additives were fully soluble in the base fluid. There was no significant change in base oil viscosity when the additives were blended into the base oil. The chemical compositions of different model lubricants (oils A, B1, and B2) used to perform the tests are given in Table 4 .
Pin samples were mounted to ensure proper alignment by checking the perpendicularity of load and a level-reciprocating arm. Approximately, 10 ml of lubricant was used to immerse the flat plate. Although, this lubrication method is not like the one in the piston ring/bore system, it gives a simplified simulation of this contact and better opportunity to understand the tribological performance and interaction of the lubricants between specimens. All tests were conducted with a 5 mm stroke at 20 Hz and at a constant bulk lubricant temperature of 100
• C. In order to reach a realistic value of the contact pressure, similar to cylinder liner/piston ring working conditions, the normal load in this test was chosen as 10 N for the CI/Al-Si tribocouple and 7 N for the CI/steel tribocouple. Other working conditions are given in Table 5 .
The pins and plates were cleaned in an ultrasonic bath using acetone for 10 min to remove any impurities from the surface before each test. The initial lambda ratio (λ) was calculated for different working conditions: 0.015 and 0.022 for CI/Al-Si and CI/steel test, respectively, to ensure boundary lubrication. The minimum film thickness was calculated using the Dowson and Hamrock equation [32] for elastohydrodynamic point contacts. Tests were performed for 3 h to obtain the steady-state friction response of the tribofilm. After the test, the pins and plates were dipped in heptane for 1-2 s to remove excess oil from the surface, in preparation for surface analysis [26] . Ex situ analyses were performed on the pin and plate samples to study the formation, wear performance, and chemical characteristics of the tribofilm formed during tribological testing.
Surface analysis techniques
An optical profile projector and a three-dimensional Talysurf profilometer were used to obtain the topography and wear measurements. A Nikon V-16D optical profile projector was used for measuring the diameter of the wear scar of the pin and the volume loss of the pin was calculated by equation (1)
where, h = R − √ R 2 − r 2 , R is the tip radius of pin (mm), r the radius of the wear scar measured after test (mm), h the height of spherical tip of the pin after wear test, and V pin the volume loss of pin (mm 3 ). The wear volumes of the plates are measured by a Taylor-Hobson 5-120 profilometer. Five measurements were taken across each wear scar to calculate plate wear volume loss and the variation was observed to be small. The dimensional wear coefficient k quoted in units of mm 3 /N/m was calculated using the Archard
where V is the wear volume, l the sliding distance, and w the normal load. The tribofilms formed on the plates were chemically analysed using environmental scanning electron microscope (ESEM) with energy dispersive X-ray analysis (EDX) attachment. The secondary electron (SE) and the back-scattered electron (BSE) images of plate surfaces were collected. The EDX technique under accelerating voltage used here has a probing depth in excess of 1 μm; therefore EDX measures the entire tribofilm as well as some regions in the substrate. EDX is therefore an effective technique to observe the overall concentration of the main additive elements in the entire tribofilm [26] . The ability to quantify the existence of molybdenum (Mo) in the wear scar was an important measurement for this study. However, due to the Mo-L and Mo-S peaks (2.2 keV) overlapping in the EDX measurements, the presence of Mo could not be clarified with confidence. Therefore, MoS 2 powder was used to determine the appropriate measurement energy to identify the Mo-K peak. As shown in Fig. 3 , the Mo-K peak (17.4 keV) was observed at 30 keV. This energy was therefore applied for all Al-Si plates EDX measurements. However, in some cases, due to the small amount of Mo in the Al-Si tribofilms, it was still difficult to observe the Mo-K peak in analysed area. The detailed results will be discussed later.
The EDX analyses were taken from an area of 300 × 300 μm 2 at three different positions in the middle of the wear scar. In addition, some point measurements were also taken.
RESULTS AND DISCUSSION
Tribological performance
Friction results
In Fig. 4 , the friction versus time plots is shown for the three oils for both tribocouples. The repeatability of results was good and the final values of friction coefficients were within 5 per cent for replicate tests. Representative results are presented in Fig. 4 . As expected from previous literature on ferrous systems [17, 34, 35] , the values of friction coefficient with ZDDP alone are the highest. The friction of CI/Al-Si system was consistently lower than for the CI/steel tribocouple. For both the tribocouples, a high concentration in MoDTC was effective in reducing friction. For oil B1, the final friction coefficients were very similar but the CI/steel couple achieved these lower friction Table 6 shows the average values of dimensional wear coefficients for both plate and pin samples obtained after 3 h. Table 6 shows low wear coefficient values for the CI/steel tribocouple when compared to the CI/Al-Si tribocouple for all formulations used. This is expected as a result of differences in compatibility between the lubricants (the ferrous and the Al-Si surfaces) and also differences in hardness. In this paper, the focus will be It can also be observed that there is higher wear on the plate than on the pin for each tribocouple. The Al-Si plates lubricated by oils B1 and B2 showed lower wear compared to the wear obtained from oil A, indicating that MoDTC assists ZDDP in providing wear reduction. This result is not in agreement with wear performance of Al-Si alloy in the work by Voong [20] but it should be acknowledged that the testing conditions were significantly different to the current study.
Wear performance
In terms of the MoDTC concentration effect on wear, oil B1 had lower wear coefficients than oil B2 indicating that the higher concentration of MoDTC benefits anti-wear performance in both tribocouples.
Surface analysis in terms of the chemical (elemental) analysis and the observations of the surface appearance and microstructure enable the wear mechanisms to be determined and as importantly, to understand how they relate to the existing schemes proposed by Nicholls et al. [12] and Dienwiebel et al. [28] . This will be discussed later in this paper. Table 7 shows EDX analyses obtained from the middle of the Al-Si plate wear scars. Zinc and phosphorus in the wear scar indicate the existence of a ZDDP tribofilm on the Al-Si plate in agreement with others [1, 10, 12, 13, 27, 36, 37]. The presence of Mo/S indicates the formation of molybdenum/sulphur compounds when MoDTC-containing lubricants were used. However, the existence of the Mo peak was not clarified with confidence since there was no Mo-K peak detected in the wear scar. Chemical analysis results showed the formation of tribofilm on the Al-Si plate, which was absent in the work of Voong [20] , who reported that there is no tribofilm found on Al-Si surface when lubricated by ZDDP or ZDDP/MoDTC. This is understandable given the much higher contact stress and wear rates recorded in that work [20] . There was a higher concentration of carbon detected in the wear scars formed using oils B1 and B2. It has been reported that Zn/Mo phosphate glassy films and carbon-rich amorphous phases with MoS 2 sheets were formed when MoDTC or ZDDP with MoDTC are used together and thereby improve the tribological performance in ferrous systems [35] . Also, higher concentration of C on the surface indicates the formation of a carbon-rich phase on the Al-Si plate lubricated with lubricants containing ZDDP and MoDTC.
SEM/EDX results on Al-Si alloys
From observing the physical nature of the wear scar and from chemical analysis, different behaviours are observed for the three different lubricants, illustrating the importance of tribochemical effects on the overall wear and friction processes. These are now discussed in turn in the context of the existing schemes for Al-Si lubricated contacts.
Surface characteristics
It is clear that there is a correlation between friction and wear ( Fig. 4 and Table 6 ) that a higher wear on Al-Si plate correlates to higher friction in all cases. The rest of the discussion addresses potential reasons for the above and links the surface features to the measured friction coefficient and wear response.
Oil A (ZDDP)
The Al-Si surface when lubricated with oil A recorded the highest wear among all oils as previously described.
Figure 5(a) shows the SEM image of the Al-Si plate lubricated by oil A. From the image, white areas can be seen in the wear scar. EDX scan at a point (Fig. 5(b) ) shows an area rich in Fe suggesting that there is a transfer of material from the CI pin to the Al-Si plate when lubricated by oil A. Zinc and phosphorus were also found in the wear scar which could be derived from:
(a) unreacted ZDDP; (b) Fe-P components transferred from the CI pin; (c) a reaction between P and excessive iron or nascent Al on the Al-Si alloy surface.
Further tribofilm chemical analysis work using X-ray photoelectron spectroscopy (XPS) will be carried out for clarification. In summary, analysing the surface structure and the chemical analysis, the major features of the Al-Si surface are:
(a) transfer of Fe from the pin: discrete particles (Fe-rich) in Fig. 5(b) ; (b) a composite transfer/reaction film has been created including the additive components (Zn, P, S) and transfer of material (Fe) from the pin; (c) some removal of silicon particles.
Oil B1 (ZDDP + high MoDTC concentration)
The wear rate of Al-Si plate on this system is the lowest of all the lubricants. Figure 6 (a) shows the SEM image of an Al-Si plate wear scar lubricated by oil B1. From the image, it can be seen that the wear scar is smoother (surface roughness, R a = 0.2μm), showing two distinctive phases. From Table 7 , it can be seen that oil B1 has least Si, the lowest surface roughness and more Mo/S content compared to the other two oils. No transfer of Fe from the pin could be seen. Both the Al and Si concentrations are seen to be aligned with those in the alloy. Some tribofilm formation from ZDDP is also seen (Zn, S, P).
Smoothening of the Al-Si alloy under tribological contact has been observed and reported by Dienwiebel et al. [28] as shown in Fig. 7 . Dienwiebel et al. [28] explained that the anti-wear property of Al-Si plates was due to the improvement of shear strength brought about from foreign material but not a tribofilm. In contrast, the current study showed that P, Mo/S, and Zn were also present in the wear scar. However, there were some common features to Atomic force microscope image of worn bore surface (100 × 100 μm 2 ) [31] those observed by Dienwiebel et al. [28] and this oil formulation showed the greatest similarities to their work.
Oil B2 (ZDDP + low MoDTC concentration)
In addition to providing an intermediate friction and wear behaviour, this additive system shows a very interesting tribolayer formation. As shown in Fig. 8(a) , there was preferential removal of the Al matrix to leave the protruding Si grains. Under these conditions, there is a formation of a tribofilm (Zn, S, P, Mo) only on the Si grains. Figure 8 shows the SEM image of the Al-Si plate lubricated by oil B2. From the image, the first obvious observation is that the physical nature of the surface is in contrast to those lubricated with oils A and B1. It can be seen that there are numerous grey Si grains in the middle of wear scar which is different to Fig. 6(a) . The surface roughness of this surface was measured to be 0.7 μm, the highest of the three worn plates. However, the wear rate on the Al-Si plate lubricated by oil B2 is lower than that lubricated by oil A. It can be explained that the Al-matrix from the upper surface is removed physically and only Si grains are in contact with the counterface. The EDX point measurement results confirmed the existence of Mo, S, Zn, and P on the top of Si crystal grains (Fig. 8(b) ) but not in the Al matrix (Fig. 8(c) ). The lack of additive elements in the Al matrix surface will be further investigated in future studies using the more surface sensitive XPS technique. Nevertheless, it is evident that the tribofilm from this ZDDP/MoDTC lubricant predominantly formed on the Si crystals. This phenomenon was also observed by Nicholls et al. [12, 13] . For this oil formulation, the greatest similarities were with the work of Nicholls et al. [12, 13] .
Linking surface characteristics to wear: the effect of additives
Combined with tribological test results and chemical analysis, it is found that tribofilms are formed on the Al-Si alloys surface lubricated by ZDDP-containing (oil A) and ZDDP/MoDTC-containing (oils B1 and B2) lubricants. Three different wear mechanisms were found when these three lubricants were used, suggesting the oil that affects the wear mechanism and tribofilm formation. The presence of MoDTC assists ZDDP in terms of reducing friction and wear when lubricating Al-Si alloys. In Fig. 9 , the link between results presented here for oils B1 and B2 and the existing schemes from the literature (principally Dienwiebel et al. [28] and Nicholls Three different hypothesis of tribofilm formation processes are proposed as: For oil A, which contains no MoDTC additive, the wear scar surface of this test was shown to be rough giving the highest friction and wear from the three oils. EDX results shows that after rubbing contact, a composite transfer/reaction film containing silicon wear debris, additive components (Zn, P, S), and transfer of material (Fe) from the pin takes place on the Al-Si alloy surface (shown schematically in Fig. 9(a) ). Based on the theory of Mosey et al. [29, 30] , due to the difference in hardness between the two contact surfaces, the substantial wear of substrate may occur under rubbing contact. Since the hardness of tribofilm is higher than that of the Al matrix [30] , the ZDDP tribofilm may sink and embed into the Al matrix. This could explain the wear mechanism obtained by using ZDDP alone.
For oil B2, which has lower MoDTC concentration lubricant, the Al-matrix was removed after rubbing contact and the surface was left with protruding Si grains. A tribofilm containing additive elements (Zn, Mo, P, and S) were formed predominately on Si grains but not on the Al-matrix (shown schematically in Fig. 9(b) ). These observations are similar to those made by Nicholls et al. [12, 13] .
For oil B1, which has higher MoDTC concentration lubricant, a continuous tribofilm covering the whole wear scar, shown schematically in Fig. 9(c) , was observed to form a similar pattern to that reported by Dienwiebel et al. [28] . EDX results showed this film contained Al, Si, Zn, P, S, O, and C species, which are formed as a result of interaction of additives with Al-Si alloys. This new tribofilm can physically and chemically reduce friction and wear effectively.
CONCLUSIONS
The tribological performance of CI/Al-Si and CI/steel tribocouples lubricated by ZDDP and ZDDP with MoDTCs has been studied. The chemical properties of 
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